VAN DEN NOORT, S., AND K. BRINE. Effect of sleep on brain labile phosphates and metabolic rate. Am. J. Physiol. 218(5): 1434-1439. 1970.-A study was made of brain nucleotides and glycolytic intermediates in sleep-deprived and sleeping rats. It was observed that brains from sleeping rats contain an increased concentration of creatine phosphate and ATP. There is a corresponding decrease in ADP and AMP so that total adenine nucleotide is unchanged. Brain levels of glucose and fructose diphosphate are significantly higher in brains from sleeping rats, whereas levels of lactate are correspondingly reduced. Despite these changes there is no decline in brain metabolic rate as judged by the utilization of creatine phosphate, ATP, and glucose during 30 set of anoxia after decapitation.
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Brains of sleep-deprived rats accumulated more AMP and utilized less glucose during this 30-set interval. It is concluded that, although brain metabolic rate is unaltered by sleep, there is a mechanism which increases brain glucose and augments the potential for synthesis of ATP during sleep. brain glucose in sleep; brain fructose diphosphate in sleep; blood lactate in sleep; blood glucose and nucleotides in sleep FROM A TELEOLOGICAL VIEWPOINT sleep is a state of reduced behavior and responsiveness of apparent necessity as a restorative mechanism.
However, sleep is attended by multiple shifts in neuronal activity at several levels of nervous integration.
It is perhaps for this reason that very few general biochemical differences between sleeping and waking brain have been reported. Although the metabolic rate of brain is decreased during coma and anesthesia (4), the metabolic rate of brain is unchanged by sleep in man (7) . However, an increase in whole brain uptake of inorganic phosphate (9) and an increase in whole brain glycogen (3) have been reported in sleep. The present study was undertaken to further explore general changes in sleeping brain preliminary to the investigation of altered energy metabolism during sleep in subdivisions of the central nervous system. Creatine phosphate and ATP are the immediate sources of energy for neuronal activity. The brain levels of these labile phosphates compared to the levels of creatine and ADP, respectively, will reflect the balance between the use of ATP for energy and the potential for synthesis of ATP by glycolysis and oxidative phosphorylation. The metabolic rate of brain is undoubtedly strongly influenced by the brain levels of ATP and precursors of ATP, but the mechanism by which this occurs is incompletely understood. Thus, in anesthesia and uremic coma there is a marked increase in brain labile phosphate, presumably due to reduced ATP utilization (13). This increase in ATP is associated with a sharp fall in brain metabolic rate. However, when brain ATP is elevated by adenosine infusion there is no corresponding decrease in brain metabolic rate (13). In this study, brain levels of creatine phosphate, adenine nucleotides, and glycolytic intermediates were determined in sleep-deprived rats and in rats permitted to sleep after a period of sleep deprivation.
In the same groups the flux of labile brain components was determined during a brief interval after decapitation.
The results show that sleep is marked by an increase in brain labile phosphates without depression of the metabolic rate. A preliminary account of this work has been reported (12). -
METHODS
Pairs of adult 150-g Fisher rats were revolved in a wiremesh drum at a linear velocity of 0.1 mph. Food and water were provided.
After 4 hr of rotation, one rat was decapitated, while the other was allowed to sleep in a quiet, illuminated cage for 1 hr. This rat was then decapitated within 30 set of being disturbed.
Heads were frozen in liquid nitrogen while blood was collected from the torso.
In a second study, pairs of rats were handled as above, but the severed head of one member of each pair was held at room temperature for 30 set before freezing in liquid nitrogen.
In a third study, electroencephalograms were recorded on a standard six-channel Grass electroencephalograph from threaded steel electrodes in contact with the cortex and fixed externally to skull with dental cement. In a series of 20 rats the electrodes were implanted on the day prior to the experiment.
On the experimental day the rats ran at 0.1 mph for 4 hr. Each rat was then briefly anesthetized with ether so that a collar could be attached and the body of the rat restrained in a wide-mouthed plastic bottle with head and attached electrodes protruding into the guillotine. After recording for a variable interval, the rats were decapitated as previously described.
In Table 1 .
RESULTS
Whole-blood samples from sleep-deprived and sleeping rats were identical in their content of ATP, ADP, AMP, and glucose (Table 2 ). Blood lactate was significantly lower in sleeping rats. However, blood lactate was not higher in sleep-deprived rats than in rats decapitated without either rest or exercise (13).
Although food and water were available throughout the experimental periods, the rats lost weight during sleep deprivation and did not regain it during the period of rest. Average weight loss was 7.0 =t 0.6 g in the sleep-deprived group and 6.5 =t 0.6 g in the group rested for 1 hr after sleep deprivation. The brain levels of measured acid-soluble components are presented in Table 3 . (Values from rats Some rats were sleep deprived for 13 and 24 hr to see if this would extend the differences observed in the 4-hr group. Brain acid-soluble components for these rats are reported separately in Table 4 . At 13 hr the results do not differ substantially from those observed at 4 hr. After 24 hr of sleep deprivation the effects of sleep are less clear. The rats used for the 13-and 240hr experiments were about 30 days of age and weighed less than 125 g, whereas most of the data in Table 3 125 g is 1.80 rfi 0.05 pmoles/g, whereas in rats weighing 125-175 g, the value is 1.59 zt 0.05 pmoles/g. This difference has a probability of less than 0.01. The slight differences between the 13-hr group and the 4-hr group presumably reflect this difference in size rather than the effects of prolonged sleep deprivation. The brain changes in rats from which electroencephalograms were recorded are presented in Table  5 . Electroencephalographic sleep was judged by the appearance of 4-6/set wave forms alternating with low-voltage fast activi ty. Wakefulness produced low-voltage fast activity. Figure 1 shows representative recordings with persistence of electroencephalographic activity and an increase in frequence in recording from the severed head. The data in Table 5 have been organized on the basis of these electroencephalographic patterns. In rats restrained and sleeping in the guillotine, no significant interval of wakefulness preceded decapitation.
However, the restrained rats alternated between periods of rest and periods of struggling accompanied by arousal patterns in the electroencephalogram, so that a satisfactory long. interval of sleep was never achieved. The nucleotide values are slightly higher in all rats with implanted electrodes. No significant differences are seen between restrained rats which were awake or asleep at the time of decapitation.
Very high brain glucose values were observed in all restrained rats. Some samples were contaminated by subarachnoid bleeding following electrode placement. In the unrestrained rats examined after a longer interval from electrode placement, brain glucose was lower and the difference between brain glucose in groups judged to be asleep or awake by electroencephalography is highly significant; the labile phosphate changes in this group are similar to those seen in rats without electrodes judged to be asleep by observation alone. When freezing of the severed head in liquid nitrogen is delayed for 30 set, rapid changes occur in the levels of labile phosphate and glycolytic intermediates (Table  6 ). These data are derived only from rats who had 4 hr of sleep deprivation with or without a subsequent hour of unrestrained sleep. The brain level of creatine phosphate fell to less than half, and ATP fell to approximately half of the initial value. These changes are nearly parallel in the sleepdeprived and sleeping groups. The concentration of ADP increased slightly, whereas AMP rose fivefold with a greater increase in the sleep-deprived group. Conversely, the fall in glucose and the increase in lactate were more striking in brains from sleeping rats. These differences between the response of sleep-deprived and sleeping rats in terms of the flux of AMP and glucose during 30 set of anoxia are statistically significant (P < 0.01); the difference between the two groups in terms of the response of lactate and other intermediates is not statistically significant. At the end of the 30-set interval of anoxia, there continue to be highly significant differences between the sleepdeprived and asleep groups for creatine phosphate, ATP, and AMP (Table   7) . Total adenine nucleotide does not change in either group during the 30-set anoxic interval.
The rate of brain metabolism in the interval just after decapitation has been repeatedly demonstrated to be closely related to in vivo metabolism (2, 5, 6, 12 This slight difference had no statistical significance.
The ratios of reactants and products for several enzymes were calculated from the available data. In the interval after decapitation there is a decrease in the adenylate kinase ratio (ATP l AMP/ADP2) from 1.8 =t 0.1 to 1.4 rt 0.1 in brains from previously awake and asleep rats. The creatine phosphokinase ratio (C l ATP/CP l ADP) rose from 15 & 1 to 18 =t 1 in both groups. The free creatine level was assumed to be 8.6 =t 0.2 ,umoles/g on the basis of previous data (13). The phosphofructokinase ratio was based on levels of glucose 6-phosphate rather than fructose 6-phosphate; this ratio (FDP*ADP/GGP l ATP) was 2. Thus, in the sleep-deprived rat brain subjected to 30 set of anoxia, the rise in the ratio for phosphofructokinase and the fall in the ratio for pyruvate kinase were more marked than the change observed in brains from sleeping rats.
DISCUSSION
In both sleep-deprived and asleep rats the values of creatine phosphate and ATP are lower than those reported for mice. It is likely that this has to do with arrest of circulation by decapitation, the larger skull of rats, and delayed freezing due to the use of liquid nitrogen. (10) . Increased blood content of brain during sleep could account for some of the observed differences, a primary increase in transport of glucose into brain. It is deprived rats to 5.9 in sleeping rats would be expected to slow glycolysis, and it is possible that the slowed metabolic rate of anesthesia (2) and coma (13) is so determined.
In sleep there would appear to be an exceptional state in which the potential for ATP synthesis is enhanced. No satisfactory explanation for this phenomenon can be advanced at this time. It is possible that the significant but small increase in ATP/AMP ratio is insufficient to offset effects of unmeasured substances such as citrate or cyclic AMP.
Previously reported studies showed that rats infused with adenosine or AMP also had high brain ATP with normal metabolic rates (13). The higher levels of creatine phosphate and ATP in brains from rats with implanted electrodes indicate that the rapid conduction of cold by metals may be utilized to more closely approach in vivo levels of labile substances.
and increased blood flow mechanically enhances surface
The significant increase in fructose diphosphate concentration in brains from sleeping rats suggests that phosphofructokinase is stimulated. The simultaneous increase in ATP and fructose diphosphate in sleep leaves the ratio of substrates and products for phosphofructokinase unchanged. Another indication of phosphofructokinase activity can be inferred from the flux of fructose diphosphate after decapitation. I t has been reported that activation of phosphofructokinase by ischemic anoxia causes a transient accumulation of fructose diphosphate (6); in the present study, fructose diphosphate concentrations fell slightly after decapitation in both the sleep-deprived and sleeping rats. A transient rise in fructose diphosphate may have been missed by the chosen time interval.
An alternative hypothesis suggests that the increased brain ATP is not in a homogeneous compartment. It has been pointed out that ischemic anoxia produces marked depletion of creatine phosphate before measurable fall in ATP (13). -S' there is any mce .depletion of creatine phosphate must proceed through ATP, it is necessary to assume that a small
